Abstract: Activated diffusion of water between macromolecules in swollen cellulose is accompanied by anomalously high kinetic isotope effects of oxygen. The separation factor of heavy-oxygen water (H 2 18 O /H 2 16 O) is thousands of permilles instead of tens of permilles according to modern Absolute Rate Theory. This anomalous separation under usual conditions is disguised by the opposing process of very fast equalization to equilibrium through water-filled cellulose pores. This process is quicker by approximately 3 orders of magnitude than diffusion through the cellulose body. As a consequence, this opposition-directed equalization virtually eliminates the results of isotope separation. To reveal this anomaly it is necessary to suppress equalization, which was the primary problem for both discovery of this anomaly and its investigation. The method of investigating the anomalous separation in cellulose was developed with suppression of this negative influence. Discussion of the theoretical nature of the anomalous kinetic isotope effect is presented. This theoretical study would probably permit the discovery and use for isotope separation of the anomalously high isotope effect for other chemical elements, in particular, for those heavier than oxygen.
Introduction
Cellulose is very likely the most important polymer to humanity, in that it is probably the sole polymer in which water can penetrate to a great extent between its macromolecules (swelling). This occurs only in the amorphous region of cellulose as the result of rupturing hydrogen bonds between hydroxyl groups of neighboring macromolecules and forming new hydrogen bonds between water molecules and the hydroxyl groups replacing them. In this way, a nearly true solution is formed between water and cellulose in its amorphous region. The ability of water to break bonds between cellulose macromolecules is due to the relatively high energy (approximately 6 kcal/mol) of hydrogen bonds between cellulose and water that replaces broken cellulose bonds. In this manner, water moving between macromolecules occurs as activated diffusion by rupturing and forming strong hydrogen bonds between diffusing water molecules and cellulose. These amorphous regions form incompletely closed, isolated, "boxes" of molecular dimensions (probably tens of angstroms) surrounded by crystal regions into which water molecules cannot penetrate. The water molecules diffuse through a chain of these "boxes". Comprehension of such a molecular structure is important for interpretation of experimental results.
The equilibrium quantity of water absorbed by cellulose, and its dependence on swelling conditions and the type of cellulose (static situation), has been thoroughly investigated. However, activated diffusion of water between cellulose macromolecules has not been investigated because other, faster diffusion paths (pores and numerous empty spaces) bypass this diffusion track. The isotope separation which accompanies water diffusion between cellulose macromolecules is accordingly also not investigated. The goal of this paper is initiate this research. The motivation for this investigation was observation of unexpected phenomena observed during the drying of cellulose from alcohol labeled by 14 C ethanol. The main difficulties of this research center about the absence of references of similar investigations in the scientific literature and the afore-mentioned disguising of water diffusion between macromolecules by bypassing them with other, faster diffusion processes. For these investigations, different types of cellulose membranes were utilized to examine water diffusion in cellulose with the maximum possible neutralization of bypassing movement through the pores. Practically all modern membranes are operated by a porous mechanism. For these membranes the dimensions of the pores primarily determine the separation characteristics. The type of membrane material is of crucial importance for chemical, thermal and mechanical stability, but not for the separation itself. Most of the membranes in use are composed of cellulose acetate, in which water does not penetrate between macromolecules. Membranes prepared from regenerated cellulose are also in use but operated by a purely porous mechanism. Many references are available for current membrane technology, including surveys [1] a symposium series [2] , and texts [3] which describe in detail the materials and preparation of membranes, their properties, characteristics, processes, transport and polarization phenomena, etc. Unfortunately, these references have only a minor relationship to the task investigated in this research because they concerned exclusively with properties and mechanisms of the diffusion through the pores.
Non-porous, homogeneous or "dense" membranes are used only in gas separation and pervaporation. However, the term non-porous is rather ambiguous, because pores are present on a molecular level that allow transport in such membranes. The interaction between gases and membranes is not strong (weak absorption forces). Gas diffuses through the very small pores of nearly uniform dimensions (unswollen membranes). Non-porous membranes are no more closely related to the process investigated in this research than porous ones.
The use of membrane technology solely for isotope separation currently occurs only in membrane distillation (MD). For this process, hydrophobic (non-wettable) porous membranes are used. In such membranes, liquid water cannot enter into a membrane nor into its pores. Liquid water is evaporated on one side of the membrane, while gaseous vapor passes through the pores and condenses on the other side of the membrane. Isotope separation, in addition to evaporation, occurs by gaseous vapor diffusion through stationary air in the pores, if air is present there, or by Knudsen capillary flow through pores, if they are empty and have the proper dimensions. Both phenomena were well known for many years before the use of MD. The additional isotope separation that supplements normal distillation is the primary idea of MD. In the early 1970s Rodgers separated heavy water from natural water using non-wettable polymeric membranes [4] . Later, Chmielewski, G Zakrzewska-Trznadel and co-authors [5, 6] investigated the transport mechanism and separation factor for heavy oxygen and deuterium for the separation of water in a onestage laboratory installation with hydrophilic porous membranes. They concluded that the total isotope effect in MD is the combination of two well-known effects: the vapor pressure isotope effect, which dominates in deuterium separation and the diffusion isotope effect which mostly influences 18 O separation. Prior to the publication of these authors, a combination of the above-mentioned models was developed by Schofield and co-workers [7, 8] .
Materials and Methods
Two types of membranes were utilized, both of which are made of regenerated cellulose. The first type was Spectra/Por membranes, available for laboratory dialysis in a variety of pore sizes with a molecular weight cutoff (MWCO) ranging from 1000 to 50.000. The second type was sheeted viscose with an unspecified pore size, which was measured on the side facing the researcher. The membrane thickness varied from 20 to 300 g m −2 ( 
− 200 μ).
Isotope analyses were performed using standard techniques with a two-channel mass spectrometer for comparison of experimental samples with the standard. Water samples collected during the experiment were subjected to isotope exchange with carbon dioxide. The samples of carbon dioxide were inserted into the mass spectrometer for 18 O measurements. Similar measurements of deuterium were performed using hydrogen gas obtained from water samples by treating them with hot zinc. The results of the measurements were reported as delta-values in per mil ( ) relative to Vienna Standard Mean Ocean Water (V-SMOW). These delta values are defined by the expression [(R 1 /R 2 −1) × 1000], where R 1 is the atom ratio D/H and the atom ratio 18 O / 16 O, respectively, and R 2 is the same for water standards. Estimated standard deviations are ±1 for deuterium and ± 0.1 for 18 O.
All experimental results are, however, reported below in per mil not relative to Standard Mean Ocean Water (SMOW) but relative to a sample of initial water used for a given experiment (usually natural water). Therefore, for example, if oxygen-18 delta val-ues of the SMOW standard in a given experiment are as follows: initial water is −3.5 , enriched water is +23 and depleted water is −18.5 , such results are reported as enriched water: δ 18 is +26.5 (23 + 3.5), and depleted water is δ 18 −15 (18.5 − 3.5) . The results of initial water δ 18 is not reported at all (always equal to zero). The general rate of separation, as a difference between enriched and depleted water delta values in this experiment, is 41. 5 (26.5 + 15) . In such manner, reported delta values for oxygen-18 (δ 18 ) and deuterium (δ D ) show directly the degree of initial water enrichment (with + sign) or depletion (with -sign) in a given experiment. If, for example, the δ 18 value of depleted water is −333 , which means that a third of the original 18 O content of natural water is substituted by the light oxygen isotope 16 O and that the content of the 18 O isotope in this water sample is approximately 0.133 instead of 0.2%. Some calculated balance figures in × ml, where is the change of the delta value of 18 O or deuterium in a cell and ml is current water volume of this cell. These figures are proportional to the number of heavy molecules ( 18 O or deuterium) entering or exiting this cell. In each experiment, these figures for enriched and depleted water are required to be equal but opposite in sign (if there is no anomalously significant heavy isotope accumulation in the membrane). For investigation of water diffusion through the two primary paths (between macromolecules and through pores), both pressure and temperature gradients across a cellulose membrane were applied together or separately. The possibility of varying independently the value and direction of each of the gradients significantly extends the capability of this research, because pressure and temperature variably influence the two primary diffusion paths in a cellulose membrane. Pressure causes hydraulic flow primarily only through pores and does not affect diffusion between macromolecules, which depends on the water concentration gradient inside the cellulose body. The temperature gradient affects two phenomena: thermal diffusion (equilibrium factor) and water diffusion between macromolecules from the cold side to the hot side of a membrane (kinetic factor). Joint application of both gradients reveals the regularity of diffusion in the cellulose body and the accompanying isotope separation. The application of membranes with extremely small pores (approaching that of the so called "dense" membranes) leads to concentration of polarization and accordingly to cessation of separation. However, the application of such "dense" membranes gave a hint of a way in which these two gradients (temperature and pressure) can be used.
Two observations play the important role in the our experimental method. The first one: water diffusion from the cold side to the hot side in the membrane body observed in this research. It is probably connected to an unequal swelling of the space between cellulose macromolecules in the presence of a temperature gradient. The rate of membrane swelling is reduced in the direction of the hot surface of the membrane to nearly zero in the temperature range 105 − 110
• C . This leads to a water concentration gradient and diffusion across a membrane, because water concentration in the each section across the membrane does not correspond strongly to a state of equilibrium at the temperature in this section. Macromolecules have extended length (in the molecular scale) which leads to this discrepancy. The observation of water diffusion from the cold to the hot side in the cellulose body is very important for our primary goal -research of water diffusion between macromolecules, because in the presence of liquid water on both sides of a membrane the temperature gradient is practically the sole factor which can create this diffusion, and help in the research of this effect. The second one: the cold side of the membrane imbibes water through pores from the hot side by capillary forces even if the water level in the hot side is only a few mm below the water level in the cold side. The constant flow in the pores with temperature gradient in the opposite direction to the water diffusion into the cellulose body has an effect on isotope separation. The ratio between these two opposite actions depends on the porous structure of the membrane and its thickness. One of the implementations in which experiments were performed is shown in Fig. 1 . The membrane (1) is clamped between flanges of two cells: hot (2) and cold (3) . Agitators are used (4) in each cell. The rotation speed of the agitators is variable within broad limits from 5-200 r.p.s. In addition to agitating water in the cells, the agitators pump water through the electrical heater in the hot cell and the water cooler in the cold cell (pipe 5), that provide maintenance of constant controlled temperature in both cells. Most experiments were performed in the mode in which normal cold water of constant temperature and isotope composition is passed through the cold cell, and the light isotopes are accumulated in the hot cell. Delta values in the hot cell are reported relative to the initial water flowing in the neighboring cell. 
Experiments and discussion
The initial part of the experimentation was devoted to elucidation of the regularity of water movement into cellulose: mass and heat transfer through a membrane and adjacent laminar layer, and the accompanying molecular segregation (isotope separation) of the water. Secondly, on this basis suppression the negative influence of water bypassing through the pores was realized. In this way, investigation of the regularity of water diffusion through a cellulose body and the accompanying isotope separation was performed. The exchange of water molecules through the membranes was investigated at ambient (Fig. 2, 3 ) and elevated (Fig. 4) temperatures The investigation shows a high probability that this exchange occurs only through the pores. The same investigation, in the presence of hydraulic flow through the pores (Fig. 6, 8 ), allowed confirmation of this conclusion and suppression of water exchange, and was used for further investigation of water diffusion between macromolecules ( Fig. 8-14 ).
Rate of water exchange through a membrane
Water exchange through a membrane may be significantly faster than the parallel process of water diffusion between macromolecules and therefore disguises it. In this case, it is necessary to suppress the faster process in order to observe and investigate diffusion between macromolecules. This is the reason for the present experimental portion. Experiments with measurements of water exchange speed were performed in the absence of temperature and pressure gradients on the membrane, i.e., in the absence of driving forces and accordingly of separation (Fig. 2, 3) . One of the cells is filled with enriched water (as a rule +20 − +40 δ 18 ), while the primary flow of normal water with constant isotope composition passes through another cell. Isotope composition in the cell with enriched water approaches the isotope composition of running water (δ 18 and δ D approach zero) over time. One such experiments is shown in Fig. 2 .
The results correspond quite precisely to the first order curve, which permits calculation of the rate-constant (k) and its opposite value τ = k −1 (Fig. 2) . In this case, k = 0.149 h −1 and τ − 6.72 h, which is the residence time, i.e., the filling time of the enriched water cell by water exchange flow through the membrane from the cell with normal water running. The calculated water layer in the cell (cm) divided by the time required to fill the cell gives the speed of water exchange through the given membrane (of 30 μ thickness) at ambient temperature:15.6/6.72 = 2.32 cm h −1 .
Similar measurements and calculations were conducted for membranes of different thicknesses (Fig. 3a) . The value opposite to the water exchange speed, which may be called the "diffusion resistance" of this membrane (h cm −1 ), is plotted as a function of the membrane thickness. These measurements provide the possibility to separately estimate diffusion resistance, both of the membrane itself, and of water laminar layers near the membrane. The extrapolation of diffusion resistance to zero membrane thickness provides diffusion resistance of two laminar water layers, 0.35 h cm −1 . This number (1260 sec/cm) multiplied by the known coefficient of self water diffusion (2.5 × 10 −5 cm 2 s −1 ) provides the thickness of these two layers -0.032 cm, i.e., 320 μ or 160 μ of each layer. cm 2 s −1 which is ∼ 4 times less than the diffusion coefficient through water. Consequently, the diffusion speed of water molecules through a membrane is 4 times slower than through a water layer of the same thickness. The general path of water exchange probably passes through the filled water membrane pores and their total surface is about one quarter of the membrane area. The main rule of pores in water exchange through a membrane will be also clarified in further experiments more precisely by another method. This experimental value of the water diffusion coefficient through a membrane (D = 6.2 × 10 −6 cm 2 s −1 ) makes it possible to evaluate the time required for water to exit pores for membranes of different thicknesses, b, from the expression b 2 /D. For example, exiting of water from pores to the bulk water close to the surface requires a few seconds with a membrane thickness of tens of microns. For the membrane (30 μ) from the previous experiment (Fig. 2 ) the time required is 1.5 sec, for 75 μ the time is approximately 10 sec and for 200 μ the time is 65 sec. These values are very important for comparison with time required to exit from the membrane in the case in which the water between macromolecules (swelling) is included. The heat transfer coefficient of the same membranes of various thicknesses was measured for comparison. In these experiments, the temperature of two cells was maintained at approximately 30 and 80
• C, respectively, and heat consumption was calculated according to the parameters of the electrical heater. Thermal insulation was used in the installation (Fig. 1) . The heat losses to the environment were evaluated by performing background experiments in which a thick, temperature-resistant washer was inserted instead of a membrane. This correction was not significant because the primary heat losses during the experiment were through a thin membrane. In Fig. 3b , the opposing value of the membrane heat conductivity (ά-kcal/m 2 h • C) is plotted versus the membrane thickness. This value (10, 000/ά), named in Fig. 3b as the "thermal resistance" for zero membrane thickness equals 0.9. If the known coefficient of water heat conductivity, 0.56 kcal/mh • C, is taken into account, the thickness of the heat boundary water layer is approximately 25 μ. This result is in qualitative agreement with an hydraulic boundary water layer of −160 μ, which must be higher than the heat boundary water layer as much as the Prandtl criterion. The Prandtl criterion, depending on only physical properties of water and temperature, varies from 6.0 to 2.5 under the experimental conditions used in
The slope of the line (Fig. 3b ) also directly yields the heat transfer coefficient of the swollen membrane itself without the heat water boundary layer influence of 0.32 kcal/mh
• C, which is approximately 70% of that for water.
3.2 Isotope separation through a membrane under a temperature gradient alone
The rate of water isotope separation through a membrane was also investigated at different temperatures in two cells of the installation depicted in Fig. 1 , without a pressure gradient. These experiments were conducted with the agitator speed in both cells set at 50 r.p.s., at which separation results were already demonstrated to be practically independent of agitation speed (i.e., independent of laminar layer thickness).
Our experimental results obtained at the steady state level (Fig. 4) were compared with literature data for the thermal diffusion equilibrium [9, 10] . The gaseous thermal diffusion coefficient can be calculated from molecular data [9] quite precisely in contrast to the coefficient for liquid water. Additionally, in the scientific literature there is also precise data for the liquid-vapor isotope effect at different temperatures. Extensive data concerning isotope effects were collected by Rabinovich [10] . Combining this data, the thermal diffusion constant for liquid water may be calculated. We calculated the thermal diffusion coefficients of liquid water for 18 O and for deuterium by using data from Table   55 p.70 and from Table 53 p.67 of reference [10] , respectively. The data calculated using the literature are compared with experimental results in Figure 4 . The experimental curves of isotope composition in the hot cell are shown in Fig. 4 . In this case, normal water existed initially in the hot cell. As in the previous cases, the majority of the flow of the same water of constant isotope composition passes through other cell at ambient temperature. Delta values δ 18 and δ D in the hot cell is usually related to normal water in the neighboring cold cell.
Over time, the relative content of light isotopes, 16 experimental conditions, does not achieve yet (Fig. 4) . The time required to approach steady state at the elevated temperatures used for these experiments (Fig. 4) is approximately 1.5−2.0 times less than the period of time necessary to approach equilibrium (i.e., isotope composition equalization) at ambient temperature. This observation is in accordance with the concept that thermal diffusion (Fig. 4) is the same process as that of the exchange of water molecules through a membrane at ambient temperature (Fig. 2, 3 ), whereas the process is accelerated by elevated temperature.
3.3 Water exchange through a membrane under a pressure gradient alone More precise clarification of the actual path of water exchange and thermal diffusion through a membrane is necessary for understanding the manner in which to suppress it in order to observe results of isotope separation between macromolecules. For this purpose, it is desirable to determine the influence of hydraulic flow through a membrane on water exchange. Hydraulic flow under pressure occurs through the pores. If countercurrent flow reduces or even completely stops water exchange, it will indicate that water exchange passes primarily through the pores. Simultaneously, the possibility arises of suppression the process through which bypassing the diffusion of water between macromolecules occurs.
For investigation of water exchange and isotope separation through a membrane with countercurrent hydraulic flow under pressure, the installation shown in Fig. 5 was used. Here, a membrane (1) is located on the bottom of a high pressure vessel (4) on the stainless steel screen (2) . The water in the vessel (4) is agitated by magnetic stirrer (3) and can be heated if necessary (the heating system is not shown in the figure) . Water in the space under the membrane flows along the screen in contact with the membrane surface and can be circulated by pumping through the cooler (circulating and cooling system are not shown in the figure) . A membrane can sustain substantially high pressures which depends only on the fineness of the screen. The hydraulic flow was changed by adjusting the pressure in the vessel (4) .
Investigation of the water exchange speed at ambient temperature was conducted in the same manner as in the experiments depicted in Fig. 2 and 3 . The pressure vessel (4) is filled with enriched water, the primary flow of normal water with constant isotope composition passes through the space under the membrane along the screen and the membrane. The pressure vessel and the space under the membrane were at ambient temperature. Over time, the isotope composition in the pressure vessel approached the isotope composition of running water (δ 18 approaches zero). Calculations of the water exchange rate (ml h −1 ) were performed in the same manner as those in experiment depicted in Fig. 2 . The average between the initial and the final water quantities were used in the calculations. The results of these experiments are shown in Fig. 6a . The speed of water exchange through the membrane in the absence of hydraulic flow is 8.9 ml h −1 . This speed is sharply reduced with increased countercurrent flow through the membrane. In the wide region of hydraulic flow, the speed of water exchange through the membrane reduced linearly with a tendency to completely stop when hydraulic flow was equal to this figureapproximately 9 ml h −1 (dotted line). This result confirm our previous supposition that the principal path of water exchange in a membrane occurs through the pores and yields the opportunity to decrease water exchange through the membrane. The residual speed of water exchange, approximately 1.4 ml h −1 when countercurrent flow reaches the critical value of 9 ml h −1 , is probably connected to the distribution of hydraulic flow speeds in the porous structure of the membrane. Regions with lower than average water speed exist in the membrane, through which residual water exchange still occurs. Increasing the average speed to a level greater than the critical value is necessary so that reverse water exchange will also be blocked in these regions. The potential for countercurrent flow to reduce the water exchange speed through the pores in the process of isotope separation was also examined. The experiment was conducted in the presence of both a pressure and a temperature gradient in the installation illustrated in Fig. 5 using cold water in the space under the membrane (circulating contour) and a hot pressure vessel (4) . Upward water diffusion in the cellulose body between macromolecules must be stimulated by temperature gradient. If thermal diffusion through the pores will be significantly reduced by countercurrent hydraulic flow, it may be possible to observe results of diffusion in the cellulose body between macromolecules. Further experiments will be performed in this manner, with both pressure and temperature gradients across a membrane.
Fig. 6
Water exchange through the membrane against hydraulic flow: (a) the water exchange rate (ml h −1 ) in the pressure vessel (4) is plotted as the function of counter hydraulic flow (ml h −1 ) from this vessel through the membrane, and (b) a schematic representing the pore with hydraulic flow surrounded by the cellulose body of the membrane with water diffusion in it in contrast to present experiment In the experiment depicted in the Fig. 8 and further experiments such diffusion exists. For these cases "A" is schematic line, where the delta value of water inside the swollen cellulose body is equal to the initial water for experiment.
A preliminary experiment in this installation ( Fig. 5 ) with only temperature gradients was conducted for comparison with experiments in which both gradients (temperature and pressure) were applied (Fig. 7) . Initially, normal water was used in both cells. At the start there were 120 ml of water in the cold circulating contour and 80 ml of water in the hot cylinder. The δ 18 value in both cells is related to this water. These values in the cold circulating contour increase in a positive direction and in the hot cylinder decrease to negative values (Fig. 7) . After 5.0 h, at the end of the experiment, 100 ml of water remain in the cold contour with δ 18 = +0.61 , i.e., +61 × ml. In the hot cylinder, 61 ml of water remain with δ 18 = −0.92 , i.e. −56 × ml. This represents an acceptable value for isotope balance. If the 18 O quantities of the 6 samples withdrawn from each cell are accounted for, the isotope balance will be even better (+69.6 and −68.1 × ml). Such precise calculation is, in principle, absolutely necessary for all further experiments conducted in the installation depicted in Fig. 5 . In the present case, such correction is not significant because most of the initial water still remains in the hot cylinder at the end of the experiment and a relatively small quantity of 18 O is withdrawn for sampling. 
Experiments with both pressure and temperature gradients across a cellulose membrane
All such experiments were carried out according to the installation depicted in Fig. 5 . The results of one such experiment is shown in Fig. 8 . Here, the pressure in the vessel (4) The data for the balance, which are the result of exact calculation that take into considertion the quantity of isotopes withdrawn with each sample, are shown in Fig. 8b . In spite of the opposite sign for the data for the hot and cold cells, they are plotted on the same side of the axis for convenient observation. These two curves must coincide in the absence of isotope accumulation in a membrane. The difference between them illustrates accumulation in the membrane. In the cold contour, from the beginning of the experiment up to the measurement of sample 5, 65.4 × ml of heavy isotopes, 18 O, enter. During the same period up to the time corresponding to sample 6, only approximately 1/10 of this value, i.e., 6.1 × ml of light isotopes, 16 O, enter the hot cell.
The imbalance is 59.3 × ml (Fig. 8b) . The data are interpreted to mean that, in the beginning of the experiment, the light isotope, 16 O, cannot fully exit from the membrane to the upper hot cell and return from it with the hydraulic flow back to the membrane. In this period, an excess number of light isotopes, 16 O, are accumulated in the membrane.
The primary part of membrane saturation with light isotopes, 16 O, occurs during a little less than the first hour (points 5 and 6 in Fig. 8b ). This accumulation continues for approximately 2.5 h up to saturation (points 9 and 10), at which time 65 × ml of the light isotopes, 16 O, calculated as the difference between points 9 and 10 in Fig. 8b , have accumulated in the membrane.
After saturation (points 9 and 10 in Fig. 8b ), light isotopes slowly leave the membrane body and are replaced by heavy ones such that both cells are enriched with light isotopes. The exit of light isotopes from both cells continues during the experiment (between points 9 and 10 to points 13 and 14) and during emptying under the membrane space (between points 13 and 14 to points 15 and 16) where the negative value of δ 18 in the hot cell continues to increase and the positive value of δ 18 in the cold contour continues to decrease. This exodus continues after cooling of the hot cell and emptying of the cold contour between samples 16 and 22. Beginning with sample 16, the exit of light isotopes to the upper cell may occur from the membrane only because the space under the membrane is empty, dried and closed. During the period between points 16 and 22, the cold water above the membrane changes its isotope composition significantly. This is the result of the small quantity of water remaining above the membrane at the end of the experiment which absorbs all of the excess of light isotopes accumulated in the membrane during the experiment.
This transport of light isotopes from the membrane body to water above membrane at ambient temperature requires approximately 2.5 h (between points 16 to 21), whereas the primary transfer occurs during a little more than one hour (Fig. 8a) . The corresponding transport from the membrane pores only for membranes of this thickness (75 μ) requires approximately 10 seconds (see above calculation for Fig. 3 ). Therefore, diffusion of light water molecules between macromolecules of the cellulose body is approximately 2-3 orders of magnitude slower than diffusion inside of the water in the pores. After the conclusion of the experiment (point 16), 31.2 × ml of the light isotopes exited from the membrane, This value is near the deficiency (36.5 ) of the light isotope during the experiment (Fig. 8b) . In this manner, nearly all of the light isotopes, 16 O, accumulated in the membrane during the experiment exited from the membrane following the conclusion of the experiment, thus, almost restoring the isotopic balance of the experiment (Fig. 8b) . For full restoration, the isotope quantities which correspond to points 15 and 23 must be equal (Fig. 8b) . The difference between these two points (9.3 × ml) is imprecise in relation to the balance of the entire experiment. This figure also takes into consideration the quantity (4 × ml) of heavy isotopes which exit later. The total quantity of light isotopes that accumulated in the membrane and exited from it after saturation (i.e., after points 9 and 10) is 65 × ml, 17 × ml to the cold contour (the difference between points 9 and 15 in curve 1 in Fig. 8b ) and 48 × ml to the upper cell (the difference between points 10 and 22 in curve 2 in Fig. 8b ). This figure (65 × ml) corresponds to an excess of the light isotope, 16 O, accumulated in the water inside the swollen membrane between its macromolecules. The quantity of water in the swollen membrane in this experiment (10 cm 2 and 75 μ thickness) was 114 mg.
In order for this quantity of water to accumulate 65 × ml of light isotopes, 16 O, the excess of light isotopes in the water must correspond to a δ 18 value 65/0.114 = −570 . This result indicates that light molecules must replace more than half of heavy molecules (0.2%) that are initially contained in the membrane swollen with natural water.
After the exit of light isotopes, a small quantity (4 × ml) of heavy isotopes, 18 O, exited from the membrane to the upper cell between points 22 and 23 (Fig. 8b) . The exit of this relatively small quantity of 18 O isotopes leads to a significant change in the δ 18 value of water in the upper cell ( Fig. 8a between points 22 and 23) , as a result of small quantity of water (last sample of 4 ml) that remains above the membrane. Therefore, in the upper part of the membrane a water layer exists in which the 18 O isotope content is reduced to more than half of its original natural value (0.2 %), which now contains less than 0.1% 18 O and a water layer with elevated 18 O content (i.e., more than 0.2%).
Consequently a high gradient of 18 O isotope concentration exists across the membrane (more than 570 ) in a swollen cellulose body. This result is schematically shown in Fig. 6b where "A" is a separating line in the membrane thickness between more and less 18 O isotope content relative to the original abundance in natural water (0.2 %). The transport of light isotopes, 16 O, during the experiment, between points 9 and 10 and points 13 and 14, and substitution of the light isotopes by heavy isotopes 18 O results in the upward movement of the imaginary line, "A". The actual position of this surface is, of course, more complicated than is illustrated in Figure 6b by line "A". Actually, the surface is also oriented to the porosive structure of the membrane, and not only to the upper and lower surfaces. At least two assumptions can be made concerning the high 18 O gradient concentration (more than 570 ) in the swollen cellulose body between its macromolecules and the high rate of 18 O substitution in the cellulose body by the light isotope, 16 O.
(1) In this method, the separated isotopes. 18 O and 16 O. return continuously with the hydraulic flow in the pores to the cellulose body (Fig. 6b) . With comparatively slow diffusion in the cellulose body, such continuous reentry can produce a high gradient of the concentrations of the two isotopes and a significant accumulation of one of them. (2) The diffusion of water molecules in a cellulose body between its macromolecules is accompanied by an anomalously high kinetic isotope effect. In this experiment, water in the installation repeatedly circulates through the membrane: from the upper cell with hydraulic flow through pores to the lower cell and back between macromolecules by diffusion. Initial accumulation in a membrane, primarily light, but not heavy, isotopes, probably corresponds more with the second assumption regarding an anomalously large kinetic isotope effect. If light isotopes diffuse significantly faster between macromolecules than heavy isotopes, they pass through the membrane a larger number of times (Fig. 6b) . With each pass, they partially substitute for heavy isotopes which initially were in the membrane in a normal concentration, and exit together with the heavy isotopes through the upper surface of the membrane. This is anticipated to continue up to saturation of the membrane with light isotopes. If heavy isotopes diffuse much slower between macromolecules, the same situation must be repeated for them with some delay. Later, they must supplant the isotopes which were in the membrane in excess, currently, they are the light isotopes. This should continue up to saturation of the membrane with heavy isotopes. Probably, such a situation actually occurs. The points 9 and 10 correspond to membrane saturation with light isotopes. After points 9 and 10, light isotopes exit from the membrane being substituted by heavy ones. All parameters of this "two-step" process, the filling speeds and saturation quantity for light and heavy isotopes, are very important to understand because they are characteristics of the isotope effect.All further experiments are directed toward clarification of this subject by the present method, which looks very promising for research of isotope separation between macromolecules in membrane bodies.
This method eliminates the negative influence of water diffusion through the porosive structure of cellulose, bypassing the cellulose body. New opportunities for investigation of the isotope effect of water diffusion between macromolecules of cellulose are possible, which are applied below. The next stage of the investigation is verification of the possibility to fill the space between macromolecules with an excess of heavy isotopes instead of light ones.
The difference in the time required for filling with light and heavy isotopes up to the point of saturation can serve as an important indicator of the difference of their diffusion speeds between macromolecules. The quantity of light and heavy isotopes corresponding to their saturation points also indicates the speed of their diffusion between macromolecules. The slower isotope will be retained in greater quantity. Lastly, after filling a membrane with an excess of light or heavy isotopes in countercurrent experiments, it is possible to measure separately the exit speed of each isotope from a membrane by exchange with neighboring water molecules of normal isotope composition. This is a direct measurement of the diffusion speed of light and heavy isotopes between macromolecules under the same conditions that is a direct measurement of the isotope effect. The limiting step of this water exchange process is diffusion of water molecules between macromolecules of cellulose into pores filled with water. Further exchange between pores and bulk water is not a limiting step and proceeds not during hours but requires only seconds or tens of seconds as shown in previous experiments of water exchange through the membranes (Figs. 2 and 3a) .
We tried to eliminate the negative influence of the porosive structure of cellulose by utilizing a so-called membrane without pores (dense). "Dense" membranes have small pores. To produce and use such membranes from regenerated cellulose is more difficult than from other polymers. They are very unstable at elevated temperatures and under conditions of dryness, i.e., namely under our experimental conditions. Membranes with MWCO values of less than 500 − 1000 are difficult to use. However, such membranes still demonstrate high speeds of water exchange in comparison with diffusion between macromolecules, and therefore, disguise it. However, the primcipal problem of "dense" membranes is concentration polarization, which stops isotope separation after some period of time. However, examining such membranes gave a hint of the existence of an anomaly and in the previous analysis allowed development of the above countercurrent method. Upper curves -cold cell, lower curves -hot cell.
With an increase of pressure in the hot cylinder (4) (Fig. 5 ) and a corresponding increase in hydraulic flow from the hot cylinder through the membrane, the accumulation of light isotopes in the membrane at the beginning of an experiment manifests itself more conspicuously (Fig. 9) . With higher pressure and hydraulic flow (curves 3, 4) a smaller quantity of light isotopes enters the hot cell counter to the hydraulic flow. At maximum pressure (15 atm, curve 4), less increase of positive δ 18 values existed in the cold cell (downward bending on curve 4 in the cold cell). This observation probably results from a larger quantity of light isotopes entering the cold cell with higher hydraulic flow from the hot cell through the membrane pores, which reduces the δ 18 value in the cold cell.
An extended experiment relative to that shown in Fig. 8 was performed under approximately the same conditions in order to track in more detail the substitution of light isotopes by heavy isotopes between macromolecules, which was only just beginning in the short experiment reported in Fig. 8 . • C, respectively, initial water quantity in the hot cell is 190 ml and in the cold cell is 120 ml, pressure in the hot cell is 7 atm, hydraulic flow from hot to cold cell is 5.1 ml h −1 . Initial water in both cells is normal water. After the end of the experiment (24 h), the hot cell is cooled, the cold cell is emptied and the space under the membrane is evacuated; thereafter 40 ml of cold agitated water remain above the membrane for measurement of the isotope exiting in the next experiment ( fig. 11a,  b) . The results of an extended experiment are shown in Fig. 10 . The single parameter which does not to remain the same is the initial quantity of water in the hot cell (190 instead of 80 ml), that slightly changes the experimental results. This permits a longer experiment to be conducted without emptying the hot cell. Knowing the values of δ 18 and water quantities in both cells and in the samples make it possible to calculate the balance of 18 O and the isotope accumulation in the membrane (Fig. 10b) .
Generally, the curves in both cells are similar to those derived in the experiment depicted in Fig. 8 . During the first 3 h, the δ 18 value in the cold cell reaches the maximum value in this experiment (+0.72 ). Simultaneously, the δ 18 value in the hot cell just begins its negative decrease (−0.1 ). In the first sample (3 h), the quantity of 16 O passing into the membrane reaches its maximum value, 80.3 × ml according to the balance calculation. In the experiment reported in Fig. 8 , the corresponding data was 65 × ml (points 9 and 10). As time increased, light isotopes exited slowly from the membrane into both cells, being replaced by heavy ones. As a result, the positive value of δ 18 in the cold cell decreased and its negative value in the hot cell increased. At the end of the experiment, the quantity of 16 O accumulated in the membrane decreased; the balance of 18 O changes from −80.3 to −45.3 × ml (30 × ml exited to the hot cell and 5 × ml to the cold one). During a period of 19 h, less than half of 16 O isotopes originally accumulated in the membrane then exited from it, being replaced by heavy isotopes. The saturation of such membranes (75 μ thickness) with heavy isotopes will require tens of hours. Exiting of the second half of the light isotopes requires at least an additional 19 h. After that, many hours are probably required for membrane saturation by the heavy isotopes. That is, the space between macromolecules is filled with heavy isotopes significantly slower than with light ones. Therefore, diffusion of the heavy isotopes in the cellulose body is significantly lower than the light isotopes under the same experimental conditions. As mentioned above, the saturation of the membrane with the main portion of light isotopes, 16 O, occurs during slightly less than one hour (points 5 and 6 in Fig. 8 ).
Full saturation (65 × ml, points 9 and 10 in Fig. 8b ) requires slightly less than 3 h. These results fit better with our second supposition that the light isotopes, 16 O, diffuse in the cellulose body between macromolecules much faster than the heavy isotopes,
with an anomalously high difference. Here (Fig. 10) , as in the experiment depicted in Fig. 8 , the light isotopes, 16 O, continue to exit after the end of the experiment during cooling of the upper cell and emptying of the lower cell and the space under the membrane. For the next experiment (Fig. 11a,b) 20.3 × ml excess of light isotopes remain in the membrane from the original volume of 80.3 × ml. This figure, calculated by isotope balance, is the difference between the excesses of light and heavy isotopes accumulated in different parts of the membrane during the experiment. After emptying the space under the membrane, isotopes can exit from the membrane only to the upper cell at ambient temperature. This continuation of the experiment (Fig. 10) is shown separately in Fig 11a and b. Here, the δ 18 value relates to initial water remaining in the upper cell that is its value is taken to be equal to zero at the beginning of the experiment (Fig. 11a) . The results confirm the presence of an excess of light isotopes in the membrane. In the beginning of the experiment, light isotopes rapidly exited from the membrane into the water of the upper cell. During the first half hour of the experiment, the δ 18 value of this water changed from zero to −0.56 and after 1.5 h to −0.64 (Fig. 11a) . This change corresponds to the exiting from the membrane of 25.2 × ml of light isotopes,
16 O (Fig. 11b) . After 3 h, heavy isotopes begin their exit from the membrane. The negative magnitude, of δ 18 , reduces. Between the exiting of light and heavy isotopes (1.5 − 3 h), a period of time exists with slightly increased dispersion of results. The border "A", at which the isotope composition of water in the membrane is equal to that in the initial water, probably rises to the upper surface of the membrane (Fig. 6b) . Exiting of the excess of heavy isotopes occurs significantly slower than the light isotopes. The majority of the exodus of the excess of light isotopes occurs during the first half hour, and is completed during 1.5 h. Exiting of heavy isotopes continues for more than 20 h (Fig. 11 a, b) . During a period of 18 hors, δ 18 increased from −0.64 to zero. After 20 h, the value reached +0.05, and at 72 h +0.47 (Fig. 11a) . This final significant increase in the value of δ 18 is connected with the small quantity of water remaining above the membrane (last sample -4 ml), and corresponds to the final portion of heavy isotopes. In such a manner, the exit of heavy isotopes is virtually completed during 20 h and an additional 52 h adds a very small quantity. The curve in Figure 11b of isotope balance quantities better reflects the actual kinetics of the exiting of heavy isotopes from the membrane than the curve in Figure 11a of the δ 18 value This curve represents the slow exiting of heavy isotopes. the majority occurring during 15 − 20 h.
The results of experiment depicted in Fig. 11 correspond to our second assumption concerning the anomalously large difference between the diffusion speed of light and heavy isotopes between the macromolecules. The first assumption is not valid here.
In Fig. 12 , the isotopes exiting from the membrane after the short experiment (curve 1) and the extended experiment (curve 2) are compared. This confirms the assumption concerning the two-stage character of filling a membrane in the countercurrent experi-ments: firstly quickly (approximately 3 h) with light isotopes exited from the membrane, and thereafter, slowly (tens of hours) with heavy isotopes. Accordingly, after the short experiment, a larger quantity of light isotopes exited from the membrane (31.2 × ml), and subsequently, a smaller quantity (4 × ml) of heavy isotopes (curve 1) exited from the membrane. After the extended experiment (curve 2), a smaller quantity of light isotopes exited from the membrane (25.2 × ml), and subsequently, a larger quantity of heavy isotopes exited from the membrane (12.9 × ml). In the extended experiment, a larger portion of light isotopes are replaced by heavy isotopes after saturation. This observation corresponds to our assumption, that following countercurrent experiments in a swollen cellulose body, regions simultaneously exist with elevated and reduced heavy isotope concentrations in comparison with the initial concentration. The border between these two regions (line "A" on Fig. 6b ) moves toward exiting from the membrane as the experiment is prolonged, because one isotope is substituted for another. The simultaneous existence of two regions with different isotope concentrations, results in very low isotope diffusion in a swollen cellulose body, which reduces mixing of different isotopes inside a membrane. Fig. 12 Exiting of oxygen isotopes from the membrane after experiments with a temperature gradient and countercurrent flow. The comparison between short and extended experiments. Change of isotope quantity ( × ml) in water above the membrane over time. Curve 1-short experiment (5 h) fig. 8 . According to isotope balance calculation after this experiment there remains in the membrane an excess of light isotopes 36.5 × ml. Curve 2 -extended experiment (24 h) fig. 10 , an excess of light isotopes 20.3 × ml.
The relatively thick membranes (75 μ) utilized previously ( Fig. 8-10 ) are not successfully filled with an excess of heavy isotopes up to saturation. Even in the extended experiment (Fig. 10 ) such membranes not only have not been filled with heavy isotopes but still contain about half of the excess of light isotopes. Therefore, it is interesting to try filling thinner membranes with heavy isotopes than were previously used. In such membranes, many parameters promote shortening of the filling time: reduction of the necessary isotope quantity, increase in the temperature and pressure gradients, shortening of the distance for hydraulic flow and diffusion inside of a membrane, etc. A temperature increase in the upper cell leads to nearly the same results. It reduces the swelling rate of the upper membrane layer, and accordingly, its participation in the separation which partly reduces the working thickness of the membrane.
Fig. 13
Experiment with a thin membrane and elevated temperature in a hot cell. Installation fig. 5 . membrane 30 μ, the temperature in the hot cell is 115
• C, in the cold cell is 40 • C, pressure 4 atm, hydraulic flow is 4 ml h −1 . Initial water quantity in the hot cell is 200 ml; final quantity is 95 ml. The water quantity in the cold cell is constant -160 ml. Curve 1 -δ 18 value in the hot cell. Curve 2 -δ 18 value in the cold cell. Curve 3 -an excess of isotopes are accumulated in the membrane according to isotope balance calculation.
The results of an experiment with a thinner membrane (30 μ) and elevated temperature (115
• C) in the hot cell are shown in Fig. 13 The temperature was measured in the bulk water. The actual temperature of the upper surface of the membrane is lower than 115
• C and probably lower than 100 • C, because the heat boundary water layer is commensurate with the membrane thickness. Even in the installation with higher agitation (Fig. 1) the heat boundary layer is approximately the same thickness (25 μ) as this membrane (see results of experiment depicted in Fig. 3b) . If the actual temperature of the upper layer of the membrane is greater than 100 • C, the layer is practically dry and closed to water diffusion between its macromolecules to the upper cell from the lower cold and swollen layer. During the entire experiment (16 h), except for a very short initial period, light isotopes enter both cells (Fig. 13, curves 1, 2 ) and consequently only heavy isotopes accumulate in the membrane (Fig 13, curve 3) . The isotope composition curve in the hot cell essentially has a customary character (curve 1). Most of the essential changes occur in the cold cell. Throughout the experiment, light isotopes, not heavy isotopes, enter as usual (curve 2). Probably, light species not only move into the upper cell through the cellulose body and pores but are also directed, to a large extent, downward with hydraulic flow, because their movement in the cellulose body through the dry upper layer is reduced or fully stopped (Fig. 6b) . Slow heavy species do not have time to move sufficiently during the experiment and are accumulated into the membrane. As a result, an excess of light isotopes is formed in the lower cell similarly to the upper cell. The reduction in the δ 18 value in the lower cell results from the increased entrance of light isotopes with the hydraulic flow was observed in the experiment depicted in fig. 9 (as a downward bending of curve 4 in the cold cell). Illustrated in Fig. 13 , this reduction is significantly greater. In this experiment, accumulation of the isotopes in the membrane shifts strongly in the direction of heavy isotopes, and the accumulation of light isotopes is almost imperceptible. Instead of two stages of filling the membrane with isotopes, only one is fully recognized. In the beginning of the experiment, during the first two samples, only a hint of the accumulation and exiting of light isotopes exists (see Fig. 13, curve 3) .
At the beginning of the experiment, only a small quantity of heavy isotopes have time to exit to the hot cell from the upper part of the membrane. This part of the membrane is probably slightly enriched with heavy isotopes during the heating period leading to its contraction and the squeezing out of excess water between macromolecules. In so doing, light water species diffuse from the space between macromolecules to a greater extent than heavy species and the upper layer retains a slight excess of heavy isotopes. Exiting at the beginning of the experiment of some quantity of heavy isotopes to the hot cell was previously observed in the experiment depicted in Fig. 9 (upward bending of curves 3 and 4 in the hot cell).
The character of all three curves indicates the end of filling the membrane with heavy isotopes. In this manner, a thin membrane (30 μ) can successfully be filled by heavy isotopes up to saturation at high temperature in the hot cell during a reasonable experimental time period. Acceleration of two-stage filling makes the first stage of light isotope accumulation very short.
In this experiment, at the saturation according to the isotope balance, 340 × ml of heavy isotopes are accumulated inside the membrane (Fig. 13, curve 3 ), indicating that a high concentration of the heavy isotope of water exists inside the membrane. The quantity of water in the 30 μ membrane is 45 mg. The δ 18 value of water inside the membrane is 340/0.045, or approximately 7500 . At the end of the experiment, the membrane is enriched 8.5 times more with heavy isotopes, 18 O, compared to natural water.
This type of experiment makes it possible to enrich a membrane with heavy isotopes many times, because slow diffusion exists of heavy isotopes between macromolecules. In this experiment, heavy isotopes are accumulated in the membrane, whereas an excess of light isotopes are accumulated in the membrane in the experiment depicted in Fig. 8 . Therefore, it is interesting to compare the isotopes exiting from the membrane at ambient temperature following these two experiments ( Fig. 8 and 13 ). In this way a more precise estimation concerning the diffusion speed of both isotopes between macromolecules of cellulose, i.e., an evaluation of the isotope effect, can be determined. As the hot cell is cooled and the space under the membrane is emptied, in this experiment (Fig. 13 ) heavy isotopes do not exit appreciably from the membrane. This differs from previous experiments ( Fig. 8 and 10 ) in which a noticeable excess of light isotopes were present in the membrane. Heavy isotopes are more solidly retained in the membrane than the light ones. Following the experiment depicted in Fig. 13 , exiting of the isotope from the membrane at ambient temperature is shown in Fig. 14. Here, when the space under the membrane is emptied and evacuated, cold water remains above the membrane in the upper cell. The δ 18 value of the water in the upper cell increased during 20 h from zero to +3.85 and further increased after standing for an extended period of time (72 h) up to +4.5 (Fig. 14a) . This data corresponds to exiting of heavy isotopes of 280 × ml from the membrane during 20 h. Additionally, after 72 h, 27 to 307 × ml of heavy isotopes exit from the membrane (Fig. 14b) . The majority of the heavy isotopes exit here during 15 − 20 h. This is significantly slower than the exiting of light isotopes. As mentioned previously, after the experiment depicted in Fig. 8 , at ambient temperature the majority of light isotopes exit during slightly more than one hour even from the thicker membrane, 75 μ. After the experiment depicted in Fig. 10 , the majority of light isotopes exit during a half-hour (Fig. 11a and Fig. 12, curve 2) . Unfortunately, it is difficult to describe the transport of the isotopes with more precise kinetic constants. The kinetic order of the exiting curves increased during the exiting time (Fig. 11b, 14b ) which probably reflected egress of the isotopes from deeper and deeper layers. The first order constant for the experiment depicted in Fig. 14b with heavy isotopes and a thin (30 μ) membrane is 0.11 h −1 , for heavy isotopes and a thicker membrane (75 μ) the constant is 0.06 h −1 (Fig. 11b) , and with the thicker membrane (75 μ) and light isotopes ( Fig. 8b and Fig. 11b ) the constant is approximately 1 h −1 .
The data from experiments depicted in Fig. 8 O, from the membrane at ambient temperature after completion of the experiments conducted under the same conditions represent the diffusion speed of these water species between macromolecules of swollen cellulose. The influence of repeated separations, which is possible with a temperature gradient and hydraulic flow, is absent here. The difference in diffusion speeds of these isotope species of water (the isotope effect) is more than tenfold in both cases of the diffusion of water in the space between macromolecules of cellulose when the space is filled in the countercurrent experiments (Fig. 8, 10 , and 13) as they exit from the membrane after experiments at ambient temperature (Fig. 8, 11 , and 14). 
Conclusions from experimental portion

Some theoretical aspects
Consideration is made here of what assumption of existing statistical kinetic theories are too restrictive in order to explain the observed phenomenon, and what supplements can be involved in the theories that may provide explanation. It is evaluated also ability of these supplements to explain some exceptions to the modern kinetic theories and to promote additional development of the theory (to predict new phenomena).
General remarks
The principal simplification found in the basics of all modern statistical kinetic theories and in particular in the Absolute Rate Theory (ART) and the Marcus-Rice modification of the Rice-Ramsperger-Kassel theory (RRKM) is full thermalization of the molecule subjected to thermal decomposition. This approach makes it possible to use a rich arsenal of statistical mechanics. Full thermal equilibrium of the molecule and each of its bonds with surrounding particles is presumed. Equal, statistically random energy distribution of all bonds of the molecule, with each bond in full thermal equilibrium with the same surrounding particles, excludes any tendency for energy redistribution from one bond to another inside a molecule. As applied to a particular bond, such high rate of demanded thermalization implies that at any degree of stretching (any energy level), this bond must be subjected to multiple collisions with surrounding particles. (i.e., multiple collisions during one bond vibration). In this manner, the stretched bond attains the same statistically random energy distribution as surrounding particles and other bonds. In principle, the application of thermo-dynamic and statistical mechanical arguments is correct only under such conditions and the probability of any energetic levels of this bond would be proportional to the Boltzmann factor exp(-U/RT), which is necessary for statistical calculation. It is evident that such high rate of thermalization is possible only if the collision frequency is significantly higher than the bond frequency, which is unrealistic. Even in the condensed phase, the perturbed collision frequency of a bond surrounded by foreign particles will be equal or less than the bond frequency. In the gas phase, the collision frequency will be less by approximately 5 orders of magnitude (∼ 10 8 compared to ∼ 10 13 sec −1 ).
A given bond is subjected to perturbance, commensurate with its own frequency, only from neighboring bonds of the same molecule. However, this perturbance is not random. This is dynamic influence which is organized by the entire structure of this molecule, by its bond frequencies, lengths, energies, mass distribution, etc. The properties of a given molecule, not those of surrounding particles, determine the interaction of its bonds and the energy distribution between them. The time interval between two collisions can be quite prolonged in comparison with the period of the bond vibration. The next collision only partially destroys this bond interaction and energy distribution and only partially shifts the bond energy in the direction of random statistical distribution. Real collision frequency is not enough to fully destroy mutual bond interaction inside a molecule. Statistical theories which demand an extremely high collision frequency in principle ignore mutual dynamic bond interaction. A realistically lower collision frequency can partially save bond interaction and can cause significant deviation from statistical theories. This deviation depends entirely on the extent of the discrepancy between unrealistically perfect thermalization accepted by modern statistical theories and realistic thermalization of given molecule, i.e., on the rate of its thermal isolation which will of course be different under different conditions. Therefore, actual kinetic experimental data must reflect both the statistical impact from collision of surrounding particles, in which energy is randomly distributed, and the dynamic bond interaction inside a molecule. Statistical theories consider only the first of these two influencing factors. Here, we attempt to consider the second factor (for the simplest case). The regularity of bond interaction, that is, the regularity and tendencies of intramolecular energy flow in the absence of collision perturbance, has been of primary interest. Real inter-and intramolecular energy flow, has been the subject of intensive study for at least the past several decades [15] [16] [17] [18] [19] [20] ; however, as a rule, the energy flow during and after only one collision was considered. In this paper, an attempt is made to consider the interaction between two bonds during multiple vibrations. Light and heavy water molecules are bound with identical hydrogen bonds with the same hydroxyl group of cellulose; therefore, these two neighboring bonds can strongly interact with each other. The probability of these hydrogen bonds rupturing entirely determines the diffusion speed of two water species, heavy and light, through the cellulose body. The interaction of these two bonds determines the isotope effect of the water diffusion between macromolecules of cellulose investigated in this research. This interaction is repeated over and over on each hydroxyl group along the entire diffusion path in the cellulose body. The interaction of two neighboring hydrogen bonds with light and heavy water molecules in cellulose may be assumed to occur with some lack of thermalization (described in more detail following). Therefore, it is interesting to elucidate the principal regularity of such neighboring bond interactions, in the absence of collisions with neighboring particles. The applicability of this regularity will be entirely dependent on the actual rate of thermal isolation of the interaction of these bonds inside the cellulose body. This simulation was performed by classical mechanics calculation on the simplest sample. Both bond energies are considered as equal, taking into account only the electronic binding energy without the zero-point energy. The simplest example of the influence of such neighboring bonds is represented by a hypothetical triatomic molecule which is restricted to a linear configuration and only two modes of linear vibration (Fig. 15) . Two bonds of the central atom are unharmonic and identical, and masses of the peripheral atoms are different (isotope effect). Consideration of a hypothetical triatomic molecule in this manner is the simplest way to elucidate the dynamic interaction of two neighboring identical bonds with two atoms of slightly different masses without perturbating collisions. It is needless to say that it is not model of some real molecule. The rupture frequency of such bonds, having heavy and light atoms in the process of prolonged vibration of this molecule, that is the isotope effect of the rupturing of these bonds in the absence of the perturbing influence of the surrounding particles, was interesting. When the vibration energy is greater than the rupture energy of one bond (E), the hypothetical molecule must vibrate until one of two atoms, the heavy or the light isotope, detaches from diatomic molecule remaining. The frequency of these two bonds rupture has been studied in a computer model of the triatomic molecule. In spite of application to this extremely simplified molecule (linear configuration and absence of bending vibrations), the calculations performed may make it possible to derive some general conclusions for significantly more complicated molecules.
The model of a triatomic molecule
For computer simulation of the vibration and decay for the model of the triatomic molecule, the potential energy curves of both identical, unharmonic bonds (Fig. 15) are accepted according to the Morse equation:
where U(r) is potential energy, r is the internuclear distance, r e is the equilibrium internuclear distance (bond length), E is the dissociation energy (Fig. 15) , and a is a parameter characterizing the shape of the potential energy curve. For calculation, the following parameters are accepted: atomic weight of the light atom is 18, atomic weight of the heavy atom is 20, atomic weight of the central atom is 20, the bond length is (r e ) −2Å, the bond energy (E) is 6 kcal mol −1 , and a is 1Å −1 . The parameters (E, a) define the curvature of the potential energy curve, particularly near the equilibrium internuclear distance (r e ) where the curve is approximately harmonic and the value of the force constant (k) in this region is 8.336 · 10 3 dyne/cm. The small harmonic vibration on the bottom of such a potential well for the light atom occurs at a frequency of 88.6 cm −1 , and for the heavy atom at a frequency of 84.0 cm −1 .
Table 1
The number of detachments of atoms of a hypothetical triatomic molecule (Fig. 15 ) during vibration at different levels of energy excess (ΔE) over the threshold (E). Atomic weight of the light atom is 18, of the heavy atom is 20, and, of the central atom is 20. The bond energy (E) is 6 kcal mol −1 ; the bond length (r e ) is 2Å, a is 1Å The average number of vibrations up to detachment of heavy or light atoms from the remaining hypothethical diatomic molecule was calculated at the different energy excess (ΔE) over the dissociation energy (E) Table 1 (column 1). For each energy excess, many series of vibrations up to detachment at different initial random configurations of the of the triatomic molecule were simulated and afterward average values were calculated (columns 2,3). The detachment is accepted to occur when the peripheral atom (heavy or light) moves away from the equilibrium point of the distance, 3r e . The initial configuration of the molecule before beginning vibration was restricted by configuration when the displacement of all three atoms from their equilibrium positions is zero, and accordingly, the initial potential energy of the molecule is also zero. The total energy (E + ΔE) of the molecule is kinetic. In this case, for each general vibration energy of the molecule is enough to set only random velocity of one of three atoms inside of its limits. The velocities of the other two atoms (two sets of initial velocities for the remaining two atoms) were also defined. These are dictated by two additional conditions: by the value of the general kinetic energy (E + ΔE) and by the equality of the total impulse set to zero, i.e., the absence of the translation of the molecule as a whole. The value of the general vibration energy defines limits of initial velocities for all three atoms. For example, at the energy excess of 10% over the dissociation energy, i.e., at an initial total kinetic energy for all three atoms of 4, 585×10 −13 erg /molecule (6.6 kcal mol The maximum velocity of one peripheral atom corresponds to the configuration in which both of the other atoms of the "molecule" (the central atom and the second peripheral atom) move with equal velocities in the opposite direction. Any possible configuration of initial velocities of the triatomic molecule corresponds to one velocity of the light atom and one velocity of the heavy atom, inside their limits, and it may be set by one of them. A random initial velocity configuration of the triatomic molecule for computer simulations was set by generation, in turn, of the random velocity alternatively one after another for light and for heavy atoms. Therefore, the initial conditions were symmetric for both atoms. The initial velocity of one peripheral atom (for instance for the light atom) has been chosen in a random manner within its limits for the given general energy of vibration. Two sets of initial velocities are produced for all three atoms. The computer simulates vibrations of the first set of initial velocities up to detachment of one peripheral atom (light or heavy). The final number of vibrations of detached atom and its kinetic energy is fixed. Afterward, similar simulation occurs for the second initial configuration. Subsequently, the initial velocity of the heavy atom was chosen in a random manner within its limits for the same given general energy of vibration and two additional series of simulations for two initial configurations occurred. Afterward, one initial velocity was chosen again for the light atom, etc. Such simulations for the same energy excess were performed until the average number of vibrations, up to detachment, stabilized at a level of 2 − 3%. As a rule, such stabilization occurs after hundreds of simulations. Thereafter, similar simulations were performed with other values of the energy excess. In the process of vibration, the coordinates of all three atoms vary in a complicated way. Therefore, the number of times the general kinetic energy of the entire molecule is passed through the maximum is accepted as the number of vibrations. This average number of vibrations, up to detachment of heavy and light atoms from the remaining diatomic molecule for different energy excesses, are shown in Table 1 (columns 2 and 3). The distribution of energy excess above the detachment point is shown in Table 1 (columns 5 and 6). The kinetic energy of atoms being detached is presented. The residual energy, up to 100%, is the potential and kinetic energy of the remaining diatomic molecule that is the energy of transition state with the energy of the reaction coordinate excluded.
The data presented in the table indicates redistribution of the intramolecular energy from the bond of the heavy atom to the bond of the light atom. The light atom is detached from the triatomic molecule more often and with greater kinetic energy than the heavy atom. This tendency increases with the reduction of the energy excess above the threshold (E) and, consequently, increases the duration of the free joint vibrations up to the point of detachment of one of the two atoms. At the point of detachment, the light atom leaves with a greater portion of the remaining energy than the heavy atom. The diatomic molecule, including the heavy atom, retains less energy, i.e., exists in a less excited transition state. This tendency is increased for the lower values of energy excess (ΔE) reported in Table 1 . So, at an energy excess of 0.15E, the light atom is detached 1.21 times more often than the heavy atom (column 4), and it's kinetic energy (45%) is not significantly greater than the kinetic energy for the heavy atom (41.9%) in the case of its detachment. At an energy excess above the dissociation energy of 0.05E, the light atom is detached 1.86 times more often than the heavy atom. At the point of detachment of the light atom, 52% is taken away with it. Consequently, the potential and kinetic energy of the remaining diatomic molecule, including the heavy atom, contains only 48% of the excess. If, at the same energy excess of 0.05E, the heavy atom is detached, 40.8% instead of 52% of the energy excess is removed, and the diatomic molecule, including the light atom, remains more excited (59.2% instead of 48% of ΔE). Consequently, on the average, at any energy excess transition states including the light atom are "looser". Transition states including the heavy atom are more compact. If vibration occurs at the energy excess of 0.02E, the light atom is detached from the triatomic molecule 2.54 times more often than the heavy atom. The kinetic energy of the light atom is greater (59% ΔE) than in all previous cases. For this case of free vibrations, the energy population close to the detachment point of both bonds was evaluated. They must be equal for statistically random energy distribution. Here, the population of higher energy levels for a bond with a light atom is greater than for a bond with a heavy atom and this difference increases with the reduction of the energy excess (ΔE), as observed by comparing frequencies and velocities of both atom detachments. The frequency of detachment is proportional to the population of the highest energy level multiplied by the atom velocity. Upon reduction of the energy excess (ΔE), the frequency of detachment of the light atom (in comparison with the heavy atom) increases more significantly than its velocity, which may be easily calculated from the data which reported in Table 1 (columns 4, 5 and 6). A light atom also has the advantage of populating the high energy level of its bond. This advantage of a light atom also increases for the low energy excess (ΔE) situation.
The tendency for energy redistribution between two unharmonic bonds may be traced by observation of the vibration curves. The optimal situation for peripheral atom detachment occurs when it moves to the detachment point, and the central atom moves in the opposite direction, as a result of shortening of the neighboring bond. Fig. 16 represents schematically this configuration for for heavy (A) and light (B) isotopes detachment. In this case, the energy of the neighboring bond is mobilized to peripheral atom detachment, which makes this situation energetically preferable. The majority of detachments occur near this configuration of minimum energy. The detachment of the light atom (B) in this configuration occurs more often than for the heavy atom (A). On average, light atoms move faster than heavy atoms (V l > V h on average). In particular, when a light atom moves in the unharmonic region to the detachment point (B), where attraction forces (F) are reduced with distance, the light atom distances itself from the central atom faster, on average (B), than a heavy atom in the same position (A). Therefore, the light atom frees the central atom from its attraction faster than the heavy atom in the same position (F l < F h ). The central atom, in its turn, shifts faster from a light atom to a heavy atom (V c in Fig. 16B ) as a result of its attraction, and assists the detachment of the light atom. An advance in the speed of the light atom leads to an advance in the energy for detachment. The central atom, in the process of long vibrations, has, on average, greater tendency to shift toward the heavy atom than the light atom. In this way, the potential energy of the heavy atom bond is mobilized greater for extension of the neighboring light atom bond and its rupture than the opposite situation. This mobilization, of course, is possible only in the absence of collision. These two processes, moving one atom to its breaking point and mobilization of the potential energy of the neighboring bond for this moving, reciprocally accelerate one another. Therefore, an initial, but not major,advantage of one atom at the movement away from the central atom is increased toward the detachment point. This effect is clearly unharmonic. If the single dynamic kinetic Slater theory were used to deal with unharmonic bonds, this effect undoubtedly would be discovered. The interaction of harmonic oscillators excludes this effect.
Light and heavy isotopes compete with one another for common energy excess. The light atom with its higher (on average) than heavy atom speed, benefits more frequently from this competition and detaches more often. If bending vibrations are also included in the model of the triatomic molecule (Fig. 15) , the light and heavy isotopes will compete for additional channels. Cautiously, it can be assumed that, in this case, preference of the quicker, light atom is conserved and the anomaly may even be increased.
In such manner, in spite of the fact that the two neighboring bonds are absolutely identical, one bond gains more energy in the process of mutual vibration to be used for breaking than the other bond. The significant difference between the detachment of light and heavy atoms (Table 1) is undoubtedly the result of an increase in energy which leads to a greater isotope effect than the only difference in velocities between two atoms. An unrealistic assumption of high frequency collisions of these two interacting bonds with surrounding particles, which is presumed by statistical theories, must fully destroy this effect. Under conditions of actual collision frequency, a part of the anomalous effect must be conserved, and even more so as this frequency is lowered.
The suggestion that the required energy for unimolecular decay could be obtained in part by the internal energy of the reactant molecule was a pioneering assumption proposed by Hinshelwood in 1927, when he modified the Lindemann mechanism which is the basis for all modern theories. This fundamental mechanism developed into modern theory, the RRKM theory, in 1951 − 52, which has been widely used since 1960 up to the present. All modern theories, except for Slater's theory, and in particular, the RRKM theory, use statistical mechanics for calculating the equilibrium concentration of an energized molecule and the activated complex (accepted that the thermal Boltzmann distribution is completely maintained). Theory assumes that the internal energy of the reactant molecule is subject to rapid random statistical redistribution and that there is no particular tendency for this process. In such a manner from the beginning of the conception of this approach in 1927 to the present, the mechanism for mobilization of the internal energy inside a molecule, accepts the approximations which makes it unnecessary to consider actual dynamical detail of the molecular collision and the bond interaction. This simplification does not take into account certain actual properties of the system and may overlook some kinetic regularity. As mentioned above, a dynamical study of molecular collisions has been applied recently (see below). Here, an approach is presented by which to study the dynamic bond interaction inside a molecule. Consideration of the dynamic bond interaction in a manner similar to that presented here (Table 1) can probably elucidate some additional new and interesting phenomena in the chemical kinetics. Accounting for consideration of the actual properties of a reactant molecule: atomic weight, frequencies, energies, length, and most importantly, unharmonic parameters of all bonds, allow elucidation of details which are latent under statistical consideration. The results of the triatomic molecule calculation given in Table 1 are interesting to consider in terms of the Arrhenius equation:
This approach will permit some qualitative passage to more complicated, realistic molecules and the verification of the above mentioned concepts on the basis of existing kinetic data. Here, k is the rate constant, Ea is the Arrhenius activation energy, and A is the preexponent. All three parameters (k, Ea, A), applied to detachment from the triatomic molecule, will be different for light and heavy atoms. For light atoms, the rate constant (k) will be greater than for heavy atoms. The activation energy (Ea) for light atoms will be lower because the energy redistribution inside these hypothetical molecules helps light atoms to overcome the energy barrier, whereas heavy atoms will be hindered. At lower energy excesses, the advantage of light atoms is increased as shown in Table 1 . Lower energy excesses correspond to a lower temperature of reaction. At the same time, according to the Arrhenius equation, for low temperatures the relative preferablility of the reactions with lower activation energy is increased. This corresponds to lower activation energy of light atom. At the point of detachment of the light atom, the transition state is more compact (less excited). This corresponds to the lower entropy of the transition state, and, accordingly, to a reduction in the Arrhenius preexponent. In such manner, the reaction of the detachment of the light atom in comparison to the heavy atom, has a greater rate-constant (k), less activation energy (Ea), and a smaller value for the preexponent (A). Distinct from the energy distribution predicted by statistics, during the bond interaction, the Arrhenius activation energy and the preexponent are very closely related because they both result from the same process of energy redistribution inside the molecule.
The regularity of the triatomic molecule destroys in terms of Arrhenius parameters is interesting, because it is practically valid not only for the very simplified hypothetical molecule, but also for molecules of any complexity, with any number of atoms and any modes of vibration. The redistribution of the vibrational energy of any molecule for breaking one of its bonds, in any case, increases the rate-constant of this reaction, reduces its activation energy and reduces the entropy of the remaining part of the molecule at the moment of its destruction, i.e., the Arrhenius preexponent for this reaction. The close connection between the activation energy and the preexponent for molecules of any complexity may serve as a clear indication of the energy redistribution inside a molecule as a result of bond interaction. In turn, this results in deviation of kinetic results from statistical theories and may be verified on the basis of existing kinetic data (see below). For statistical theories which are based on unrealistic frequency collisions with surrounding particles, these two parameters are not bound for practicality. The energy activation reflects the energy barrier of the bond to be broken (virtually without the influence of remaining part of the molecule). The preexponent reflects steric configuration and its properties at the top of the potential energy barrier.
The connection between two Arrhenius parameters, the activation energy and the preexponent, as a result of bond interaction may be easy expressed, quantitatively. The mobilization of 1 kcal for bond rupture from another part of a molecule must reduce simultaneously both the energy of activation of the rupturing bond as well as the vibration energy of the remaining part of the molecule, at the moment of rupture, that is, the vibrational energy of the activated complex of this value. Such changes of vibrational energy (1000 cal) scattering on the activated complex alter the entropy of activation and, connected with it, the Arrhenius preexponent (A) in accordance with the equation: Δ lg A = ±1000/2.3RT . Here, T is the absolute temperature in 0 K, R is the gas constant in cal/mol 0 K, 1000 represents the energy redistributed from an activated complex to the ruptured bond or the opposite in cal. This equation connects the changes of the activation energy and the preexponent in the case in which this connection is aroused as a result of the bond interaction inside a molecule. This permits distinguishing it from the situation in which statistically random energy distribution fully governs this reaction.
Some correlation with existing kinetic data
The tendency for energy redistribution from one bond to another which can be concluded from the above calculations based on a hypothetical triatomic molecule means that in an actual polyatomic molecule there are bonds which gain more energy from the maternal molecule for their rupture than that which may be concluded from statistical considerations and bonds which gain less energy. Introducing a substitute into the molecule which strengthens the first tendency for bonds being ruptured, reduces both the activation energy (E) and the preexponent (A) and increases the rate constant (k). The substitute which strengthens the second tendency for a given bond leads to opposite changes for all three parameters. In both cases (for any substitutes), similar correlations exist between the three parameters (E, A, k). The correlation between the activation energy and the preexponent will be positive and the correlation between these two parameters and the rate constant will be negative. This binds the activation energy and the preexponent for the group of derivatives, which must be independent according to statistical theory. Absence of such correlation verifies a lower rate of energy redistribution to or from the given bond being ruptured. Good correlation, on the contrary, is attributed to increased interaction of the given bonds with the remaining molecule, a significant deviation from statistical theories. Such qualitative conclusions reached from consideration of the triatomic molecule can be easily verified and traced to existing experimental data for thermal unimolecular reactions, and, particularly, for derivatives. The majority of all derivatives whose kinetic parameters have presently been experimentally investigated correspond to the above-stated illustration of bond interaction. For most derivatives, there exists a more or less clearly positive correlation between highpressure Arrhenius parameters (E and A). There are only minor derivatives for which this correlation is absent. In addition, the relationship may be expressed by quantitative agreement. Positive correlation between experimental values of high pressure Arrhenius parameters (E and A) may be expressed linearly as lg A = a + bE. This line representing correlation corresponds to the above mentioned statement that real kinetic data must reflect both influences: bond interaction inside the molecule and statistical impact from collision with surrounding particles. The derivatives which lie near this line demonstrate the first tendency to a greater extent. The derivatives dispersed far outside of of the line manifest the second influence to a greater extent. By considering both aspects of the primary kinetic parameters (E, A, k), some groups of derivatives make it possible to separately consider both influences to some extent.
The properties of the activated complex for this dynamic bond interaction are opposite to those which are generally agreed to in statistical reaction rate theories. A rigid complex implies an increasing decomposition rate resulting from greater intramolecular energy mobilization for the bond compared to the remaining part of the molecule. A loose complex defines the opposite situation. The lower part of the above correlation line resulting from a low value for the preexponent for most derivatives, distinct from statistical theories, really corresponds to a higher rate-constant for the reaction.
The coefficient of proportionality, b, in the above formula corresponds to the redistribution inside a molecule to an activated complex of one energy unit (1 kcal mol −1 ) at a sacrifice of the activation energy of the bond, and is equal to 1000/2.3RT . According to our calculations, experimental values for this coefficient are in acceptable agreement with this formula. For example, for existing experimental data for ring-opening reactions of simple cyclopropane derivatives [11, 12] , according to our calculation this coefficient is equal to 0.36 for a temperature range of 420 − 535 • C, which is only slightly greater than according to the above formula (0.29). For other derivatives, these figures are not far from this expression (for their temperature ranges). For ring expansion of vinylcyclopropanes [12] , b is 0.24, for geometrical isomerization of cyclopropane derivatives [11] [12] [13] b is 0.16. For nearly all derivatives, the value of b is in acceptable agreement with the above formula. The quantitative agreement observed makes it quite probable that the nature and position of a substitute in a derivative (apart from the known influences) defines the tendency for vibrational energy redistribution inside a molecule. A collection of experimental data for thermal unimolecular reactions in the gas phase, in particular for derivatives and their analysis, is published by Robinson and Holbrook [12] . The value of the coefficient, b (0.2 − 0.3), corresponds to significant bond interaction. For a normal energy activation change of 10 kcal mol −1 for some group of derivatives, this value corresponds to the preexponent change for 2 − 3 orders of magnitude, for example, from 10 13 to 10 15 − 10 16 . The observation of such a significant change of the preexponent for some derivatives is inexplicable in the framework of statistical theories. A vibrational energy redistribution in favor of one bond and to the detriment of others is probably broadly propagated and leads to to significant deviations from these theories. The calculation given in Table 1 is most likely one of a particular case of the interaction of two neighboring bonds. Similar consideration may be applied to the interaction of any neighboring bonds, for example, a pair of bonds, stronger and weaker ones. In the process of mutual vibration, the weaker bonds will more frequently stretch close to their breaking point in an unharmonic region. In so doing, the common atom of these two bonds is released from its attraction. This leads to shortening of the neighboring strong bond, and, in this way, mobilizes the energy for weak bond breaking. That is, the weak bond has, as a rule, a permanent advantage for energy redistribution in comparison with the statistically random one, which leads to low values of both Arrhenius parameters, A and E. The weaker bond, or at least a similar one, hinders the vibrational energy concentration on the neighboring bond. Identical neighboring bonds make energy concentration on each of them more difficult. A few neighboring identical bonds must lead to difficulties for their rupture, i.e., they lead to increasing both the activation energy and the preexponent. For example, a similar situation can probably be seen with reactions of the thermal decomposition of tetraalkyl derivatives of the IV group elements (Si, Ge, Sn) where both of these parameters are extremely high. lg A exceeds the "normal" value of 13 by 5 − 6 units. Generally speaking, symmetry (even local) hampers the concentration of vibrational energy on one of the symmetric bonds (scattering of thermal energy fluctuation between identical bonds). When encountering equivalent directions for intramolecular energy flow, there is no tendency for energy concentration on one of the bonds; contrarily, it leads to splitting energy between them. For example, this is probably the reason that intramolecular vibrational energy redistribution in para-fluorotoluene is known to be more efficient than that in para-difluorobenzene [14, 19] . Such terminology as, scattering of thermal energy fluctuation, derived from consideration of bond interactions, are somewhat unusual for application in current existing statistical theories.
On the basis of the above conclusion derived from consideration of the hypothetical triatomic molecule, some general kinetic semiempirical rules similar to those mentioned above may be formulated. They can serve somewhat as a supplement to existing statistical theories which can explain some exceptions to the rules and may predict other phenomena, particularly an anomalous isotope effect for other chemical elements. The validity of such supplementation will be proportional to the deviation of actual thermalization of a given molecular system from the unrealistically perfect thermalization accepted by statistical theories. Full and exact consideration of many unharmonic modes of vibration of actual molecules also seems not to be too complicated. Consideration of more detailed and precise properties of bond interactions may be a subject for future investigation. Of course, from this approach, additional semiempirical rules may be also derived.
In this regard, one direction of kinetic studies currently exists in which the reciprocal influence of different bonds in a molecule appear in the most prominent form, that being experimental and theoretical studies of the collision-induced intramolecular energy flow in a highly excited molecule [14, 20] . This is a study of the dynamics of interaction of actual unharmonic bonds (the Morse-type intramolecular stretches and, as a rule, the harmonic bends), i.e., the redistribution energy between different bonds of a molecule. Generally, this is performed during and after one collision. In particular, toluene is a proper subject for such studies. Toluene has two high frequency stretching modes for CH groups, CH methyl and CH ring , separated by two stretching and three bending modes. These bonds reveal many different properties which go beyond the framework of statistical theories. The highly excited CH methyl stretch reveals a greater tendency of transferring its vibrational energy to translational energy than the CH ring stretch. A ratio of nearly 10 to 1 for the energy transfer efficient between these two bonds was reported [15] , which is in general agreement with the energy transfer of previous data reported for toluene and benzene [16] . The intramolecular energy flow from one bond to another depends significantly on the frequencies [17] and mass distribution [18] . This dependency of the energy distribution inside a molecule on atom velocities and bond frequencies correlates well with our above consideration. The energy redistribution process is dominated by energy flow from the CH methyl group to the CH ring group [19] . In this paper no evidence has been found between multiple bond trajectories for the energy flow out of the CH ring group and returning to the CH methyl group. The energy flows irreversibly out of the initially excited CH methyl vibration and deposits in the CH ring group after passing through two stretching and three bending modes. Such tendencies for energy redistribution makes the disassociation probability of the CH ring stretch greater than the CH methyl stretch. The advantage of rupturing the CH ring bond is maintained even though the initial CH methyl bond excitation is somewhat nearer to its disassociation threshold than the CH ring bond excitation.
These studies and our above consideration lead to one common very important conclusion, that the energy redistribution inside a molecule is entirely dependent on its structure. Some bonds receive more vibrational energy and other bonds receive less than what is in accord with statistical distribution. This has, of course, far reaching kinetic consequences because intramolecular energy flow plays the key role in bond disassociation. At the same time, there is an essential difference between this study and our consideration. The first study was related to relaxation of an initially excited molecule, i.e., the study of propagation and dispersion of the energy fluctuation initially formed. However, we consider the opposing process, that is, the formation of thermal energy fluctuation on the specific bond which is sufficient for its disassociation. This is a more general problem which determines direction and rate of all thermal unimolecular reactions. The study of collision-induced relaxation is devoted to elucidation of very specific and particular details of intra-and intermolecular energy flow.
Application of these theoretical aspects to cellulose
All previous discussions permit assumption of a possible mechanism of the anomalous isotope effect of water diffusion in cellulose. For maximum manifestation of the effects of the mutual interaction of light and heavy water water molecules is necessary: a their interaction should be an influence on the limiting step of the entire diffusion process, defining its velocity; b light and heavy water molecules must interact for a long time with one another in the process of mutual vibration; and, c these mutual vibrations should be maximally insulated from both perturbing influences of foreign particles and d perturbing influences of other cellulose bonds. All these conditions (a, b, c and d) in the given molecular system of water and cellulose are quite optimally fulfilled. a The rupture of hydrogen bonds with light and heavy water molecules define the velocity of the diffusion of water in the cellulose body. b The activation energy of the diffusion process is approximately 6 kcal mol −1 , if the breaking of only one bond is necessary for diffusion. This relatively high energy leads to long mutual vibrations of light and heavy water molecules on the one functional group of cellulose (thousands of vibrations). On the basis of the above consideration, this may be enough to cause a significant difference between the frequencies of detachment for light and heavy water molecules. This interaction is repeated multiple times on each subsequent hydroxyl group along all paths inside the cellulose body.
c Macromolecules and the water between them form in the amorphous region, partially isolated from other parts of cellulose membrane the incompletely closed boxes of molecular dimensions, surrounded by crystal regions into which water molecules do not penetrate. The water molecules diffuse through a chain of these boxes. An amorphous region of cellulose contains only water molecules and their hydrogen bonds with the cellulose. Foreign particles are virtually absent. That is, this molecular system is isolated from collision with a foreign particle. d The frequencies of the hydrogen bonds that bind water molecules in the amorphous region with a macromolecule are significantly lower than the valence-bond frequencies of the macromolecules. This reduces valence-bond influence on hydrogen bonds of light and heavy water species interacting with each other, i.e., increasing their thermal isolation. The influence of hydrogen bonds interacting with their surrounding crystal region is probably even less. Such thermal isolation of reacting bonds from the perturbing influence of other bonds within their maternal molecule is probably seldom and quite specific for this molecular system; however, it may be created artificially if necessary. One additional factor may be important in the system of cellulose and water. Upon competition between two bonds of the triatomic molecule the bonds with the light atom vibrate, on average, at higher energy levels nearer to the detachment point than heavy one. This advantage for light molecules will be probably conserved in the competition of many light and heavy molecules in the box comprising the amorphous region of cellulose. This may give an additional advantage for light water molecule detachments after critical energy fluctuation. In such manner, light water molecules probably have two advantages in the interaction with heavy water molecules, in each individual hydroxyl group of cellulose, where are found two different water molecules light and heavy as well as in collective interaction within the limits of one amorphous box.
A virtual vibrating box filled with heavy and light balls up to the brim may be an extremely simplified but useful model of such interaction. At the top of such a box, comparatively, many more light balls than heavy balls spill over the brim as a result of vibration, because the heavy balls sink to the bottom of the box. In spite of this rough analogy, additionally, it has similarity to triatomic molecules. In this virtual box, the weaker vibrations with the lower number of balls spilling over the brim are more effective for separation of the balls than the strong vibrations.
This isotope effect is a kinetic one, accelerating both the direct and reverse reactions and invariably maintaining the equilibrium state which can disguise this effect. This effect may not be rare and, in actuality, it may exist for other reactions but cannot be observed for this reason. For example, it may occur during dissociation of water to ions or in other cases.
In contrast to the establishment of equilibrium, the rupture of hydrogen bonds of a given water molecule with cellulose, and its formation at a new site are not directed to opposite sides. They are both directed to the side of diffusion and do not neutralize one another.
This effect also probably exists in many other processes for other chemical elements and it is necessary to create the proper conditions which bear some resemblance to the above mentioned conditions (a,b,c,d.), which are of course specific for each molecular system and necessary to suppress the reverse reaction in order to observe and to use it. The accidental accomplishment occurs very seldom. The experimental results presented and some theoretical aspects may possibly help in the search for effective isotope separation of other chemical elements.
Conclusions based on theory
Actual kinetic regularities reflect: a the statistically random energy distribution inside a reactant molecule as a result of its collision with surrounding particles; and, b the dynamic interaction of its bonds. The ratio between these two kinetic components is dependant on the collision frequency of the reactant molecule with surrounding particles. The all statistical kinetic theories in particular RRKM and ART, take into account only the first component, which is fully correct only at unrealistically high collision frequencies (a high rate of thermalization), ignoring dynamic properties of the reactant molecule. At the actual rate of thermalization, and more so at the lower rate in the range, the dynamic properties of the reactant molecule are more dominant and show a significant deviation from statistical theories. Such conditions may be created artificially. In particular, under conditions of the lack of thermalization and suppressing the reverse reaction, a large isotope effect is possible.
The dynamic component (b) of kinetic regularity is not generally investigated except for selected cases of highly excited molecules. A method of calculation of the dynamic bond interaction (b) of a reactant molecule by the simplest example of two interacting bonds is proposed. In principle, the method may be developed for any level of complexity. This method permits formulation of semiempirical rules in investigated fields.
